ABSTRACT A low-profile metamaterial loaded antenna array with anti-interference and polarization reconfigurable features is proposed for base-station communication. Owing to the dual notches etched on the radiating electric dipoles, an impedance bandwidth of 75.6% ranging from 1.68 to 3.72 GHz with a notch band from 2.38 to 2.55 GHz can be achieved. By employing the metamaterial loadings that are arranged in the center of the magnetic dipole, the thickness of the proposed antenna can be decreased from 28 to 20 mm. Furthermore, a serial feeding network that consists of several Wilkinson power dividers and phase shifters is introduced to attain the conversion between dual-linear polarization and triple-circular polarization. Hence, the antenna could meet the demand of the future 5G intelligent application.
I. INTRODUCTION
Due to the existence of various kinds of wireless communication systems that have limited clearance zones for embedding the transmitting/receiving antennas, wideband antenna with low profile characteristic for base-station has recently become an area of interest, and many technologies have since been proposed to meet this requirement [1] , [2] . So far, there are mainly three effective methods to achieve it. One method is to fold the radiating patches or bend the shorted patches that are connected to the ground plane, in which more than 49.5% bandwidth [3] and antenna profile of less than 0.1 λ c [4] (where λ c is the free-space wavelength at the center frequency) can be achieved. However, the techniques applied in [3] and [4] will significantly increase the difficulty in antenna's fabrication. Even though other method such as using multi-layer substrate to build the antenna is also proposed [5] , so that low profile of 0.11 λ c can be acquired, narrow bandwidth of no more than 19% as compared with [3] and [4] was exhibited. Recently, by introducing the metamaterial loaded method arranged within the antenna [6] , an impedance bandwidth of 47% with antenna size reduction of up to 48% can be attained. Nevertheless, the work in [6] cannot cover the 5G (the fifth generation mobile communication) frequency band.
Owing to the coexistence of different kinds of multifrequency systems, an antenna with anti-interference ability can aid in improving the system stability and extending the coverage area, etc. Several antenna designs with bandnotch feature for base-station and WLAN applications have been proposed in the past few years [7] - [9] . By arranging C-shaped stubs nearby the feeding lines, impedance bandwidth of 52.6% (VSWR≤1.5) along with a sharp notch band from 2.27 to 2.53 GHz can be acquired [7] . In [8] , by simply loading two window-shaped slots on the radiating electric dipole patches, band-notch characteristic can be easily obtained. Furthermore, by applying polarization diversity (placing the elements with an angle of 90 • ) in the MIMO system, high isolation can also be acquired. In [9] , by alternately placing twelve horizontal and vertical antennas on a horizontal substrate panel with an equal inclination angle of 30 • , the characteristics of high isolation and low mutual coupling can be achieved. Thus, the performances of an antenna can be significantly enhanced by applying the above-mentioned anti-interference designs.
In base-station communication, dual-polarized antenna is usually employed to receive and combine two unrelated signals to compensate the multi-path fading signal degradation. In addition to that, polarization reconfigurable (PR) antenna can be used to compete with multipath fading and channel interference, enhance the system capacity and carry out multiple tasks based on a single-antenna operation [10] , [11] . Compared with other MIMO antenna technique, the polarization-diversity technique only requires a single antenna and hence it can reduce the production cost and storage space. Because the 5G communication demands high data rate transmission and multitasking, hence, it is important that the corresponding antenna design is with diversity polarization feature. In order to obtain a higher level of polarization control and better system performance, the PR antenna should be able to work between linear polarization (LP) and circular polarization (CP) modes. Several investigations have been proposed to develop antenna polarization conversion between CP and LP. But unfortunately, the previous designs have suffered the drawbacks of narrow impedance bandwidth or complex design [12] . In order to overcome these difficulties, the work in [13] has introduced a feeding circuit, in which wider 3-dB axial ratio (AR) bandwidth of 71% from 1.45 to 3.05 GHz can be achieved. However, because its profile is still very high (0.25 λ c ), it may reduce the antenna's flexibility in some application scenarios.
As mentioned above, an ideal base station antenna for 5G communication should own the characteristics of wide bandwidth, high gain, low profile, band notch and polarization diversity ability. In this case, the antenna can benefit the high rate data transmission in a long distance with good stability. In addition, the channel capacity and the signal quality can obviously be improved. In this paper, a low-profile metamaterial loaded antenna array with anti-interference and polarization conversion features is proposed for basestation communication. To overcome the shortcomings of conventional base-station antenna with bulky structure, the technique of metamaterial loaded is employed within the VOLUME 6, 2018 magnetic dipole antenna, in which the antenna's profile can be reduced from 28 to 20 mm, due to the increased effective ratio of electromagnetic conductivity to dielectric constant. In addition, by employing the dual notches etched on the radiating electric dipoles, an impedance bandwidth of 75.6% ranging from 1.68 to 3.72 GHz with a notch band from 2.38 to 2.55 GHz can be achieved. Finally, to attain good flexibility in polarization control, a simple serial feeding network is introduced to attain the conversion between dual linear polarization and triple circular polarization. Therefore, the proposed antenna could meet the stringent requirement of the future 5G intelligent communication.
II. ANTENNA GEOMETRY AND WORKING MECHANISM
The geometry and detailed dimensions of the proposed antenna are shown in Fig. 1 and Table 1 , respectively. The proposed antenna element consists of four horizontal square radiating electric dipole patches whose corners are cut and etched with U-shaped and square-shaped slots, four vertical rectangular metallic shorted patches (which are called as shorted walls), two orthogonal -shaped feeding lines, and a box-shaped reflector. Because the two diagonal shorted walls and the ground between them will constitute a magnetic dipole, thus, the radiating electric dipole patches together with the connected magnetic dipole can form a basic ME dipole. Here, the magnetic dipole and the electric dipole are excited by the -shaped feeding line to work in turn. Some of the energies are coupled to the electric dipoles via the horizontal coupling strips, while the other energies are coupled to the magnetic dipoles via the vertical coupling strips. The complementary radiation working principle of a ME dipole antenna is shown in Fig. 2 and it has been described in [14] in detail. Typically, for each polarized antenna element, in the E-plane, the radiation pattern of an electric dipole shows an ''8'' shape and the magnetic dipole displays an ''O'' shape, whereas in the H-plane, the situation is vice-versa. When the two sources with equal amplitude are incorporated, a cardiac shape radiation pattern can be alternately achieved in both the E-plane and the H-plane. As a result, complementary radiation patterns can be obtained.
Without the band notch design, the signals from other systems may cause interference to the signal transmissions in the desired system. Hence, the anti-interference ability becomes an important performance indicator for high-performance antennas. As depicted in Fig. 1(b) , the square-shaped and U-shaped slots etched on the electric dipole work as a filter to provide the anti-interference ability of WLAN frequencies ranging from 2.35 to 2.55 GHz. Below the -shaped feeding lines, the E-shaped metamaterial loadings are arranged in parallel, which are printed on both sides of the FR-4 substrate in opposite directions. The FR-4 substrate is with a thickness of 0.5 mm (ε r =4.4, tanδ=0.02). Due to the above design arrangement, an additional resonance can be generated at the lower frequency band, and therefore the total electrical size is reduced. Furthermore, this effect is similar to a modified Split Ring Resonator (MSRR), as they are equivalent to the artificial medium [15] , [16] . They can be described in the following formulas:
where BW , µ, ε, t, λ 0 represent the bandwidth, the permeability, the permittivity, the dielectric thickness, the wavelength of zero mode, respectively, in formula (1), while V r , ω 0 , µ 0 and Q stand for the particle filling ratio in the volume of the substrate, the resonant frequency of the MSRR, the free-space permeability, and the quality factor of the MSRR, respectively, in formula (2) . When the minimization factor √ µε keeps constant, the bandwidth is determined by √ µ/ε. Furthermore, the effective permittivity µ eff is related to the V r and the ω 0 . In addition, the two orthogonal -shaped feeding lines excited by the ± 45 • linear polarization sources are placed between the two metallic walls at different heights, which can provide broadband and high isolation features.
Inspired by the works reported in [6] , [17] , and [18] , the geometry of the proposed four-element dual-polarized antenna array with PR feature and its equivalent circuit are shown in Fig. 1(f) and Fig. 3 , respectively. As shown in Fig. 1(f) , the input phase of the four antenna elements is serially incremented by 90 • in counter-clockwise direction through the microstrip phase shifters. Hence, the sequential rotation microstrip feed four antenna array will form the firstlayer CP polarization, as shown in Fig. 3(a) . In addition to that, the neighboring elements on the same side will constitute the second-layer CP polarization, as shown in Fig. 3(a) , the two blue circles showing Ant. 1 st is with Ant. 2 nd , and Ant. 3 rd is with Ant. 4 th . This is because the phase difference between the two ports of a single antenna array element is 90 • , and the phase difference between the two neighboring elements on the same side is also 90 • . Furthermore, when the two ports of a single antenna element are connected to the feeding network, the conversion between dual LP and CP can be achieved due to the 90 • -phase difference between the two ports. And this is the third layer CP polarization. Therefore, the proposed antenna array can exhibit one larger first-layer CP polarization, two middle second-layer CP polarizations, and four smaller third-layer polarized coversations between dual LP and CP. The equivalent circuit and detailed polarized convertion are described in Fig. 3(b) and Table 2 , respectively. Notably, these polarizations can be easily reconfigured by redesigning the microstrip feeding network. Compared with the one reported in [6] , the proposed feeding network can provide much wider bandwidth and multi-layer polarization reconfigurable operation.
III. PARAMETRIC STUDIES, RESULTS AND DISCUSSION
In order to further study the working mechanisms, and comprehend how the structures and the dimensions will affect the antenna performances, such as impedance bandwidth, VOLUME 6, 2018 anti-interference capability, miniaturization and diversity performances, etc., some critical parameters are investigated by using ANSYS electromagnetic simulation software High Frequency Structure Simulation (HFSS) [19] .
To depict the antenna operation, the current distributions on the radiating electric dipole patches and magnetic dipole patches excited from the two input ports (in a period of time, T) are shown in Fig. 4 . For port 1 st , as shown in Fig. 4 (a) at time t=0, the currents on the radiating patches achieve maximum intensity and are dominant in the negative x-direction, whereas the currents on the surfaces of the magnetic dipoles exhibit minimum strength in the positive z-direction. As shown in Fig. 4(b) , for port 1 st at time t=T/4, the currents on the radiating electric dipole patches show minimum intensity in the positive y-direction, whereas the currents on the surfaces of the magnetic dipoles attain maximum strength and are dominant in the positive z-direction. For port 1 st at time t=T/2, as depicted in Fig. 4(c) , the currents on the radiating electric dipole patches attain maximum intensity and are dominant in the positive x-direction, whereas the currents on the surfaces of the magnetic dipoles yield minimum strength in the negative z-direction. Finally, as shown in Fig. 4(d) , at time t=3T/4, the currents on the radiating electric dipole patches depict minimum intensity in the negative y-direction again, whereas the currents on the surfaces of the magnetic dipoles achieve maximum strength and are dominant in the negative z-direction. In other words, the dominant electric and magnetic dipoles are working in turns, which results in achieving complementary unidirectional patterns within a period of time. As shown in Figs. 4(e) -(h), port 2 nd has exhibited similar phenomena as compared with port 1 st at different periods of time, except for two aspects. Firstly, the horizontal current direction on the radiating electric dipole patches is vertical to the one shown in port 1 st and rotates in counter-clockwise direction. In addition, the current direction on the magnetic dipole is opposite to the one shown in port 1 st . The phase difference of the equivalent electric and magnetic dipoles is 90 • (orthogonal to each other). As a result, wide frequency bandwidth and low back lobe radiation pattern can be obtained.
Figs. 5(a) and 5(b) show the simulated effect on the VSWR and gain with respect to different dipole patch types at port 1 st and port 2 nd , respectively. By comparing these two figures, due to symmetric structure, the effects on port 1 st are nearly the same as in port 2 nd . As depicted in Fig. 5 , etching an additional single rectangular notch into the conventional dipole patch have exhibited no major differences in VSWR or gain variation across the bands of interest. However, by further introducing another split quasi-rectangular ring notch around the rectangular notch, a band-notch feature at around 2.5 GHz is excited, which corresponds to a sudden drop in gain within the notched band. This is because the current directions on the edge of the split quasi-rectangular ring notch are opposite to the rectangular notch, and hence they are mutually cancelled out, as shown in Fig. 4 . By carefully adjusting the dimensions of both notches stated above, the unwanted WLAN frequency band around 2.4 GHz can be effectively eliminated. Figs. 6(a) and 6(b) show the effects on the VSWR and gain when tuning the width (R x1 ) of split quasi-rectangular ring notch at port 1 st and port 2 nd , respectively. As R x1 increases from 0.4 mm to 0.7 mm, the center frequency of notched band will move toward the lower frequency band, while the notched bandwidth will become more narrow when R x1 =0.4 mm and 0.7 mm. Thus, R x1 =0.55 mm is selected as the optimum width, because it can achieve desirable band-notch bandwidth covering the WLAN frequency (2.4 to 2.485 GHz).
In order to show the effect of metamaterial loadings, the VSWR and gain variations of port 1 st and port 2 nd with respect to different metamaterial loadings are shown in Figs. 7(a) and 7(b), respectively. Without the metamaterial loadings, besides affecting the notched band, the initial wide bandwidth characteristic was also affected and the undesirable impedance matching across the bands of interest were observed. In general, the curves of VSWR and gain move towards the upper frequency band obviously. In other words, with the metamaterial loadings, the size of antenna can be markedly reduced. Compared with the C-shaped metamaterial loadings, besides achieving better impedance matching, the proposed one (with E-shaped metamaterial loadings) has also possessed the ability to yield better band-notch feature in a more flexible manner, such as allowing us to tune parameter R x1 so that the notch-bandwidth and dropped gain can be controlled. Furthermore, in order to depict the characteristics of the MSRR metamerials, the current distributions on the metamaterial surface over a period of time at 2.7 GHz are shown in Fig. 8 . A metamaterial should possess the unique electromagnetic properties that are caused by the periodic current distribution. At t=0, Fig. 8(a) shows that the resultant current flows initially from the bottom to the top, follow by flowing from the outside to the center. At t=T/4, the direction of the resultant current is exactly the opposite to the situation of t=0. In addition, the current intensity on the outside becomes weaker, as shown in Fig. 8(b) . At t=T/2, the direction of the resultant current remains the same, while the current intensity of the outside enhances. Finally, at t=3T/4, the direction of the resultant current will be the same as t=0, while the current intensity of the outside becomes weaker again. Here, the current distributions have exhibited periodic feature, and hence, it can yield unique ability such as the varied rate of permittivity to permeability in our design.
To validate the proposed design, the antenna prototype was fabricated and measured, as shown in Fig. 9 . The measured results were attained by using Agilent E5071C network analyzer and SATIMO antenna measurement system. Fig. 10 shows the simulated and measured isolations between the two adjacent ports. Here, it is worth mentioning that for a dual polarization base-station antenna, the industry standard for isolation between two adjacent ports should be less than −25 dB. As for the proposed antenna, except for the notched band, the simulated isolation and the measured one are less than −35 dB and −25 dB, respectively, across the operating frequency band. The differences between the simulated and measured results could be due to slight fabrication inaccuracy and tolerances. Nevertheless, the results depicted in Fig. 10 have indicated that the proposed antenna can fulfill the antiinterference demand of base-station communication. Fig. 11 shows the measured and simulated VSWR and gain variations of a single antenna array element (at port 1 st and port 2 nd ), while Fig. 12 depicts their corresponding axial ratio (AR) performances. Here, the measured results are in accordance with the simulated ones, except that the mea- sured gain is larger than the simulated one by approximately 0.5 dBi. The measured impedance bandwidth (VSWR≤2) was ranging between 1.68 and 3.72 GHz, with a notched band from 2.38 to 2.55 GHz. Except the notched band, desirable realized gain of approximately 8.5 dBi was measured across the two operating bandwidths. Furthermore, the measured 3-dB AR bandwidths were 1.7-2.8 GHz and 3.4-3.6 GHz, with a notched band between 2.40 and 2.56 GHz. Both of them can cover the 2G/3G/LTE/5G-C frequency band (eg. 1.71-2.69 GHz and 3.4-3.6 GHz) and satisfy the coverage area requirement.
To save energy, the radiation efficiency of the base-station antenna is also an important consideration. Fig. 13 shows the measured radiation efficiencies of a single antenna array element at port 1 st and port 2 nd , and its corresponding average radiation efficiency is approximately 65%, which could be due to the losses incurred by the metamaterial loadings. Even so, compared with other conventional basestation antennas, the radiation efficiency measured in this work is still higher than normal standard and can satisfy the communication requirement. Fig. 14 shows the measured and simulated VSWR and gain of the proposed antenna array. Compared with the simulated VSWR curve, the measured one has slightly moved toward the lower frequency band. Even though a larger fluctuation on the measured gain is also observed in this figure, the trends between the simulation and measurement results are basically the same. The measured impedance bandwidth (VSWR≤2) was between 1.67 and 3.60 GHz, with a notched band from 2.40 to 2.49 GHz, and an improved gain of approximately 14 dBi.
Figs. 15(a)-15(f) show the simulated and measured radiation patterns of a single antenna array element at 1.8, 2.7 and 3.5 GHz (port 1 st ), whereas its port 2 nd counterparts are depicted in Figs. 15(g)-15 (l). The measured results agree well with the simulated ones, as nearly symmetrical E-and H-planes can be achieved in the entire frequency bands. For port 1 st , the measured 3-dB beamwidth of E-plane ranges from 40.2 • to 70.2 • , while the ones measured in the H-plane ranges from 45.5 • to 73.5 • . It is also noteworthy that the beamwidth will become narrower as the frequency increases. Similarly, for port 2 nd , the 3-dB beamwidth of E-plane ranges from 46.2 • to 75.1 • , while the ones measured in the H-plane ranges from 64.3 • to 87.2 • . Here, similar beamwidth phenomena are also observed. By further observing the radiation patterns in Fig. 15 , their front-to-back ratios and cross-polarizations are >17.2 dB and VOLUME 6, 2018 <−19.5 dB, respectively. Hence, across the three frequency bands, good radiation patterns with desirable performances have been yielded. Table 3 summarized the performances of the measured radiation patterns at different frequencies.
A comparison between the proposed single antenna element and other referenced antennas are shown in Table 4 . By observing this table, the proposed antenna has the advantages of better bandwidth of >75%, very low profile of 0.17 λ c , good isolation of >25 dB and average gain of 8.5 dBi. In addition to that, the proposed antenna array is with integrated multi-function, meaning that it possesses anti-interference capability, and is also able to switch between dual linear polarization and triple circular polarization. Owing to its meticulously unique design with low cost, the proposed array antenna with the above-mentioned superior characteristics is competitive for future intelligent communication.
IV. CONCLUSION
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